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Cross Reference to Related Applications 

The present application claims priority to provisional application having serial number 
60/276,730 filed March 16, 2001, entitled Compact Optical Fiber Coupler, which is 
incorporated herein by reference. 

Background of Invention 

[0001] In an optical communications system optical signals may be transmitted in 
free space, but are generally transmitted over optical waveguides, typically optical 
fibers. Since optical fiber transmission offers tremendous bandwidth and transmission 
rate advances over the transmission of electrical signals, conversion to electrical signals 
are avoided as much as possible by active optical processing such as optical 
amplification, switching and routing. It is usually desirable to avoid conversion of the 
signal to an electrical signals until they reach the target destination, where they are 
converted back to electrical signals representing digital data, voice or images in various 
analog formats. 

[0002] In order to maximize the capacity of fiber optic communication systems many 
signal are simultaneously transmitted over the same fiber waveguides in a scheme 
known as wavelength division multiplexing or WDM. In WDM each discrete signal 
may correspond to a different wavelength of light, known as an optical channel. 
Various non-linear properties of optical glass, active and passive components in the 
optical system, produce cross talk between the WDM optical signal channel. This 
"cross talk" is insignificant if the signal to noise ratio is high and the power levels of all 
optical channels are comparable. 

[0003] The optical devices and interconnections in any route will result in signal 
losses, thus the signal power and signal to noise ratio of any optical signal can be 
expected to vary with the routing path. When the communication system is a network, 
optical channels are combined and routed together in common waveguides with signals 
from different sources the power levels in each optical channels are likely to be 
different, in which case the "cross-talk" from the stronger channels will degrade the 
signal to noise ratio in the weaker channels. 

[0004] Therefore, low insertion and high isolation is a substantial consideration in the 
design and operation of all optical communication system components. While very low 
losses can be obtained by fusion splicing optical fibers of similar composition many 
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passive and active components preclude direct connections because of intermediate 
components, such as filters, mirrors or prisms, which route or multiplex/de-multiplex 
the optical signal channels. In a typical device a single mode optical fiber is connected 
to the device at a first, or input, port and one or more additional single mode optical 
fibers are connected at additional ports. Light exiting the optical fiber at an input port 
is collimated into a substantially parallel beam by a lens. Additional lenses located at 
the output ports converge the collimated beam into the outgoing optical fiber connected 
thereto. Lateral and angular offsets of the collimating elements contribute to the signal 
loss. Since the collimated beam diameter is many times the diameter of the fiber core, 
typically 10 microns, the signal loss due to lateral offset is reduced. However , the 
sensitivity of signal loss to angular offset increases with beam diameter. 

[0005] However, the typical macroscopic collimated lenses present limitations in 
miniaturizing devices or increasing the interconnection density without increasing the 
device or package size considerably. While several methods have been suggested for 
fabricating a lens on the end of a single mode optical fiber they are not suitable when 
there must be very low signal loss or a miniature device, such as optical cross-connect 
switches or multiplex/de-multiplex device. 

[0006] Several patents describe how a refractive surface of micro-lenses can be 
formed or attached to the surface of a single mode fiber. In US patent 4,268,1 12 to 
Paterson a Luneberg type lens with a gradient of refractive index is attached to the end 
of an optical fiber, however the lens diameter is larger than the fiber diameter. In US 
patent 4,205,901 to Ramsey et al. a single mode fiber is terminated with a core end 
region having a core with a graded composition and increasing thickness towards the 
end of the fiber. In US patent 4,456,330 to Bludau a homogeneous glass rod is welded 
to the end of a fiber and rounded by heat treatment to form a hemispherical lens. 
However, these design either have significant disadvantages with respect to achieving a 
high interconnection density devices, for example the formation of an adequate lens 
either increases the diameter of the single mode fiber, or distorts the edge, thus making 
the subsequent alignment necessary to achieve low insertion loss difficult, or have a 
high return loss. The additional components increase the complexity of assembly and 
result in additional signal loss from splice misalignment. 

[0007] Another approach to forming a single mode fiber with a micro-lenses function 
is to fuse a short section of multimode optical fiber to the terminal end of a single mode 
fiber wherein the multimode fiber acts as a gradient index lens, such as in United States 
patents 4,701,01 1 by Emkey et al. Alternatively the refractive index may be tapered 
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linearly, such as in US patent 4,737,004 to Amitay et al., or 5,337,380 to Darbon et al. 
However, it has been found that such devices are not suitable in miniature devices 
because they cannot easily be aligned, due to irregularities in the surface shape at the 
fusion joint, and/or do not shape the exiting beam in a manner compatible with both 
low loss and a high-density of interconnection. 

[0008] In US patent 6,014,483 Thual et al. teach that it is possible to increase the 
working of distance of - coupler taught by Emkey et al. by adding a silica spacer 
between the single mode fiber and the multimode. US patent 5,457,759 to Kalonji et 
al. discloses combining in succession: a piece of graded index multimode fiber, a piece 
of step index multimode fiber and a micro-lens, wherein the terminating micro-lens is a 
curved refracting surface. However, such configurations appear too difficult to 
manufacture without increasing or distorting the outer diameter, which is problematic 
in alignment and assembly. Furthermore, such combinations suffer undesirable back 
reflection or return loss. 

[0009] Accordingly, it is an object of the current invention to provide a compact 
optical fiber coupler suitable for the miniaturization of high-density interconnection 
devices. 

Summary of Invention 

[0010] Figure 1 illustrates the benefits of the inventive optical coupler in forming a 
high interconnection density device 10. Optical signals arriving from waveguide 1 are 
transmitted to waveguide 2 after reflection of surface 13 in device 10. To avoid signal 
losses the optical power arriving from waveguide 1 must be efficiently coupled 
between device input port 1 1 and device output port 12. Light emitted by the 
waveguide 1 must be fully collected at output port 12 for re-transmission via 
waveguide 2 after reflection at surface 13. The inventive optical coupler modifies the 
free space propagation of light emitted by waveguide 1 and the collection of such light 
into waveguide 2 such that ports 1 1 and 12 may be considered object and image points 
separated by a working distance (WD) equal to the length, L, of segments 14 and 
segment 15, i.e. WD equals 2L . 

[001 1] If waveguides 1 and 2 are single mode optical fibers separated by angle alpha 
the ultimate limitation on decrease the optical device size is the optical fiber diameter 
as well as decreasing alpha forward zero, that is all optical fiber are parallel or nearly 
parallel and adjacent each other. To reduce alpha to a few degrees and still utilize only 
a single reflective surface as simplest beam path requires a longer working distance if 
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signal loss is to be avoided as the coupling efficiency is optimum when the optical 
couplers are positioned at the optical working distance. 

[00 12] As alpha approaches 0 the angle of incidence with respect to reflective surface 
13 ( alpha 12) results in a desirable reduction in polarization dependent loss. If 
reflective surface 13 is an interference filter, the long working distance provides the 
additional benefit of reducing the angle of incidence, thus minimizing the potential 
polarization splitting, spectral shift characteristic of interference filters among several 
other signal degrading effects. 

[0013] Figure 2 illustrates a first embodiment of the inventive compact optical fiber 
coupler wherein efficient coupling is achieved at a long working distance without 
increasing the diameter of the waveguide or optical fiber 2 1 . Optical signals are 
transmitted through optical fiber 21 toward the input port 20b of device 10 coincident 
with the terminal end 20a of compact optical coupler 20. Optical coupler 20 comprises 
a section of gradient index fiber 22 in optical communication with the terminal end 21a 
of optical fiber 2 1 such that a free space propagating optical beam 23 is reduced to a 
small spot 25 of diameter d at a distance L from the terminal end 22a of gradient index 
fiber 22. Placing a reflecting surface or other optical element coincident with the 
location of small spot 25 permits selective filtration or routing of the optical signals 
arriving from optical fiber 21 to any other optical fiber terminated with a corresponding 
optical coupler at one or more output ports (not shown) of device 10. 

Brief Description of Drawings 

[0014] Figure 1 illustrates the optical principles and benefits of the inventive optical 
coupler in forming high interconnection density devices. 

[0015] Figure 2 illustrates the first embodiment of the inventive compact optical fiber 
coupler. 

[0016] Figure 3 illustrates the preferred refractive index profile for the gradient index 
fiber in the inventive compact optical fiber coupler. 

[001 7] Figure 4 illustrates the method of joining a single mode fiber to a gradient 
index fiber to form the compact optical fiber coupler. 

[001 8] Figure 5 illustrates the method of cleaving the gradient index fiber after 
attachment to the single mode fiber to obtain a low back reflection, or return loss. 
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[0019] Figure 6 illustrates a preferred embodiment of the compact optical fiber 
coupler wherein the angle cleaved face of the gradient index fiber comprises an anti- 
reflection coating. 

[0020] Figure 7 is a cross section of a portion of an optica] device showing the optical 
coupler mounted in a square-shaped groove fabricated on a silicon wafer. 

[0021] Figure 8 illustrates the steps in fusion bonding optical fibers having dissimilar 
glass transition temperatures or viscosity at the fusing temperature so as to avoid 
deviation from the circular figure of the adjacent portions of the optical fibers. 

Detailed Description 

[0022] In order to achieve the long working distance, WD, between optical ports the 
gradient index fiber has a predetermined profile of refractive index, which is illustrated 
in figure 3. 

[0023] Figure 3 illustrates the preferred refractive index profile for the compact 
optical fiber coupler. The profile corresponds to equation 1:- 



[0024] wherein g = 2.7 /mm and no = 1 .49 at a wavelength of 1 .55 microns. 

[0025] The gradient fiber is produced by conventional drawing of a doped fiber 
preform fabricated with the corresponding Ge/P-Si02 glass composition profile. The 
total difference in index within the preform, which corresponds to the gradient in the 
fiber, is less than about 0.001. In the fiber core region, represented by the refractive 
index gradient, is preferably greater than about 70 to 80 microns. This gradient of 
refractive index and core diameter results in an optical coupler having a working 
distance of about 550 to 600 microns and a spot size of about 18 microns when the 
section of gradient index fiber is about 815 microns long. 



n(r)= n 0 [l - gV/2] 



[0026] It should be recognized that both the gradient and core region of the fiber 
could be varied from these preferred parameters to either increase the working distance 
further, or both the total index change and core diameter can be increased to obtain 
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substantially the same working distance. Since the preferred optical coupler does not 
increase the diameter of the single mode fiber, which would limit the potential 
interconnection density, the core diameter is preferably no greater than about 75 
percent of the single mode fiber cladding diameter, which is about 125 microns. 

[0027] The single mode fiber and gradient index fiber can be placed in optical 
communication by numerous means, such as optical contacting, adhesive bonding, 
index matching fluid or gel, or spacing with an air gap or a homogeneous optical 
material, such as fused silica, an oxide or silicon and the like. Such an optical spacer 
may include or consist of one of more thin film coatings, such as an anti-reflection 
coating at the end of the optical fiber at an air gap spacing. However, a preferred 
embodiment is fusion bonding the interface between the single mode fiber and the 
gradient index fiber. A longer than required section of gradient index fiber is first 
fusion bonded to the single mode fiber, after which the gradient index fiber is shortened 
to its final length. Methods of shortening the gradient index fiber include cleaving and 
polishing. 

[0028] In order to achieve the long working distance with the optimum gradient index 
fiber the length of the gradient index fiber section is preferably controlled to within an 
absolute precision of +/- 15 microns, which over a length of about 700 micron 
represents a deviation about 2.5% percent. 

[0029] Although the preferred means of forming a planar surface is a conventional 
cleaving process, this is not entirely compatible with using a fusion bonding process. It 
appears that the conventional fusion process adversely changes the fracture mode of the 
gradient index fiber within the region where the gradient index fiber should be 
terminated to obtain the desired long working distance and spot size characteristics 
such that a non-planar surface is formed leading to undesirable back reflection and or 
signal loss. Not wishing to be bound by theory we believe the stress state modifies the 
fracture mode during cleaving from the ideal linear propagation necessary to form the 
perfect planar interface necessary for low coupling loss, having discovered that a 
subsequent reduction of the local stress state enables the achievement of low coupling 
losses with conventional angle cleaving. 

[003 1] Although a range of heating methods, such as laser, flame annealing, or oven 
annealing will produce the necessary stress reduction, the simplest approach has been 
to utilize the low power arc mode provided as a standard setting on the fusion splicing 
equipment. Alternatively, the entire assembly could be annealed for a functional 
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equivalent soak time at some temperature below the glass transition temperature and 
softening point of the glass. 

Since final angle cleaving of the gradient index fiber section is done in the 
fusion bonding apparatus it is preferable to anneal the gradient index fiber within the 
fusion bonding apparatus by programming the heating cycle and fiber transport 
accordingly, depending on the heating mode and area of the fusion bonding system. 

[0032] This preferred method of stress reduction is illustrated in Figure 4, as fiber 42, 
which is to be cleaved at dotted line 42b is annealed within the fusion bonding 
apparatus by localized annealing at region 43 about 500 microns distal from the fusion 
joint 44. Preferably the arc power is reduced to about 35% of the fusion power while 
the arc duration is reduced to about 45% of the arc time. The lower power arc is 
repeated, typically 4 to 5 times, prior to cleaving the fiber 42 at location 42b. 

[0033] An additional aspect of the invention is a reproducible method of fabricating 
the optical coupler with the appropriate length of gradient index fiber section to achieve 
the desired small spot size for compact devices. Accordingly, a preferred method of 
reproducibly controlling the length of the gradient index fiber is illustrated in Figure 5a 
and 5b. In order to reproducibly manufacture the optical coupler by this method a fiber 
reference 53, such as a removable clamp, is attached to the single mode optical fiber 5 1 
before a first cleaving step. Surface 53a of fiber reference 53 provides a first fiducial 
reference a surface protuberance from the optical fiber. Surface 53a is placed in contact 
with a first fixed reference plane 55, which is extended as a dashed line between 
Figures 5a and 5b ( forming a second fiducial reference). The first fixed reference plane 
55 is fixed location on a conventional fusion-bonding instrument having an integrated 
fiber-cleaving tool, the cleaving location illustrated by dashed line 59. Optical fiber 5 1 
is then cleaved to form a clean perpendicular face 51a. In the preferred embodiment a 
substantial length of the gradient index fiber 52 is then fusion bonded to cleaved face 
51a of single mode fiber 51 without removing single mode fiber 51 from the first 
fiducial reference. Prior to making the final cleave that terminates gradient index fiber 
52, the resulting fused single mode fiber and gradient index fiber combination are 
remounted by positioning surface 53a of the fiber reference in contact with a second 
first fixed reference plane 56 on the fusion-bonding instrument, which serves as a third 
fiducial reference. Accordingly, the desired cleavage point 52b has translated and is 
stabilized in a final location on the fusion bonding/cleaving tool apparatus fixing the 
final length of the gradient index fiber segment suitable for the desired micro-lens 
function. The length of the gradient index fiber segment is equal to the distance from 
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the first fixed reference plane 55 to the second fixed reference plane 56. The second 
fixed reference plane 56 is easily defined or modified by inserting a spacer block 57 
between surface 53a of the fiber reference and the first fixed reference plane 55. The 
thickness of this spacer block length thus determines the length of gradient index fiber 
segment 52. 

[0034] In order to reduce the reflection and insertion losses the terminal end of the 
optical coupler is a planar surface which deviate slightly from applying perpendicular 
to the optical axis of the single mode optical fiber, preferably about 3 degrees. The 
insertion loss of the device can be further reduced by coating this planar surface with an 
antireflection coating, as illustrated in Figure 6. Anti-reflection coating 63 is deposited 
on cleaved or polished face 62b of gradient index fiber 62. The combination of an angle 
cleave at face 62b and anti-reflection coating 63 increases the return loss to a value 
greater than 55 dB. 

[0035] The inventive coupler is preferably used in a compact optical switch or cross- 
connect that is fabricated from a monolithic substrate, such as silicon, wherein the 
photolithography methods can be used to fabricate optical components, preferably 
translatable mirrors, and the associated actuator devices. The small spot size of the 
inventive optical coupler allows fixed or translatable mirrors to be reduced in size 
accordingly. 

[0036] An additional aspect of the invention is a method of fabricating the inventive 
optical coupler so that is capable of being mounted precisely in the final optical device. 
As the spot diameter is preferably less than 30 microns, the optical coupler must be 
fabricated in a manner that does not interfere with mounting within a tolerance of 
several microns in order to avoid signal losses. Figure 7 illustrates the preferred method 
of mounting optical coupler 71 in optical device 70 via cross-section transverse to the 
optical beam propagation direction. Optical coupler 71 is contained within a square- 
shaped groove fabricated on a silicon wafer 72. Such grooves are routinely formed by a 
photolithographic methods. In order to achieve accurate placement with respect to the 
other optical components and ports within optical device 70 the fusion joint region 
must not increase the optical coupler diameter at the fusion bond, or any region which 
is to be placed with the square-shaped-groove 73. Thus, the deviation from the circular 
figure of the optical fiber should be less than 5 microns, preferably less than about 1 
micron. 
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[0037] Avoiding such deviations at the fusion bond requires an optimization of the 
fusion process according to the glass transition temperatures and viscosity of the 
glasses of both the single mode fiber and the gradient index fiber, which will vary in 
the radial direction due to the composition gradient. Commercially available fusion 
splicing/bonding equipment can be utilized to achieve such smooth fusion joints 
provided the heating and mechanical movement of the fibers are independently 
programmable for incremental adjustments so as to accommodate a wide range of glass 
compositions. As Figures 8a-e illustrate we have determined that the principal 
parameters are the arc power, dwell time and fiber pushed together distance and the 
pull apart distance (during the arc.) Figure 8a illustrates a single mode fiber 81 and 
gradient index fiber 82 brought into close proximity immediately before fusion 
bonding. Figure 8b illustrates the distortion at the terminal ends of optical fibers 81a 
and 82b from heating. The gradient index fiber 82 has a lower glass transition 
temperature or melt viscosity which results in greater rounding at terminal end 82a after 
heating to the same or similar temperature as single mode fiber 81. Figure 8c illustrates 
the result of the fusing the heated fiber ends by pushing the ends of fibers 81 and 82 
together in that a bulbous protrusion 83 form in gradient index fiber proximal to the 
fusion joint due to the considerably lower melt viscosity of the glass. This protrusion 83 
can be removed to form a substantially smooth fusion joint 85, shown schematically in 
Figure 8e, by pulling the fibers apart immediately after fusing but before the molten 
glass has cooled. The pull apart distance or stroke will generally be less than the push 
distance or stroke, depending on the glass compositions, the area heated and the local 
temperature. As illustrated in Figure 8d, excessive pulling produces a taper 84 at the 
fusion interface, thus optimum conditions can be found by producing a series of 
samples by increasing the pull apart stroke a fixed increment until the bulge is either 
eliminated or a taper is produced. By further incremental adjustment of the 
aforementioned parameters the deviation from the circular figure of the optical fiber 
can be reduced to less than 5 microns, preferably less than 1 micron. 

[0038] While the invention has been described in connection with a preferred 
embodiment, it is not intended to limit the scope of the invention to the particular form 
set forth, but on the contrary, it is intended to cover such alternatives, modifications, 
and equivalents as may be included within the spirit and scope of the invention as 
defined by the appended claims. 
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